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Abstract
The wealth in the Upper Peninsula of Michigan has been intimately linked with mining,
particularly the extraction of iron and copper. Iron was deposited in the Upper Peninsula 1.9
billion years ago (Gogebic and Ranges, 2020), and copper deposits are believed to be 1.1 billion
years old (Blakemore et al., 2016). In the Upper Peninsula, mercury occurs naturally in taconite
(iron ore) as elemental mercury (Hg0), and within the copper ores as “Mercury copper amalgam”
(CuHg). When elemental mercury is released from the ores, it oxidizes in the atmosphere to form
inorganic mercury (Hg2+) (Risher, 2003; Gaffney & Marley, 2014). Different forms of inorganic
mercury have a different water solubility. For example, HgCl2 is very soluble, and HgS has very
low solubility (Risher, 2003). The calculations show that each ton of taconite produces 0.02 g of
mercury whereas a ton of chalcocite produces 3.2 g of mercury (Berndt, 2003) & (Kerfoot et al.,
2004). The statistics show that the total iron productions between 1950 and 1980 was 408
thousand tons. The total copper production in the same period is 1.6 thousand tons. For 30 years,
iron processes consumed approximately 6.1 thousand tons of coal. Chalcocite mining consumed
only 12 tons of coal. Coal consumption is positively related to both iron and copper mining
(Kerfoot et al., 2018). The total amount of mercury emission from iron mining is proximately 9
kg. The total amount of mercury emission from copper mining is approximately 5 kg. The mass
balance finds that the total mercury in lakes sediments ranges between 0.01 to 0.38 kg/yr. In
comparison, Where the total mercury in the lake water ranged between 0.01 to 0.28 kg/yr.
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Introduction
1.1 Background
In the early 20th century, the Upper Peninsula produced 75% of the copper metal and
25% of the iron in the U.S. (Courter, 2005; Reed, 1957). The mining industry in the United
States is critical to producing raw materials used in various industries and necessary to make
construction materials (Horvath, 2004). In 2002 these materials represented 80% of the value of
non-fuel minerals produced in the United States.

1.2 History of Mining
The wealth of the Upper Peninsula of Michigan has been intimately linked with mining,
particularly the extraction of iron and copper. Iron was deposited in the Upper Peninsula 1.9
billion years ago (Gogebic and Ranges, 2020), and copper deposits are believed to be 1.1 billion
years old (Blakemore et al., 2016). The history of iron mining dates to before 1844 when bog
iron ores were mainly found in swampy areas (Armah et al., 2012). These low-grade bog iron
ores mostly consist of goethite (FeO(OH)) and contain less than 30% (by weight) of iron metal,
which limited the growth of iron mining in these areas (Olson, 1951). The Mining Revolution
started in 1844 with the discovery of several iron ore formations near the City of Negaunee, after
which iron production in the Upper Peninsula grew into an important industry. Fig. 1 shows a
map of the four primary iron formations around Lake Superior: Marquette, Western Menominee,
Eastern Menominee, and Gogebic (Reed, 1957). After the Second World War Michigan began
mining taconite, a low-grade iron ore that contains magnetite and hematite (Kerfoot et al., 2018),
which continues to date.
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Fig. 1. Mining Ranges in Michigan (Michigan Department of Environmental Quality)
http://www.deq.state.mi.us/GeoWebFace/

Copper was abundant in the Keweenaw Peninsula and for centuries Native Americans
made a variety of implements that helped them extract copper. Modern mining started after
Douglas Houghton discovered Keweenaw's copper deposits. In 1844, the Pittsburgh and Boston
Mining Company was the first to begin mining copper in Keweenaw Peninsula (Gohman, 2013).
Different copper ores have been mined in the Upper Peninsula, including native copper (Cu),
chalcopyrite (CuFeS2), and chalcocite (Cu2S) (Kerfoot et al., 2004).

1.3 Mercury in Ores
Both iron and copper mining were essential to the growth of the Industrial Revolution in
Michigan and the U.S. at large. However, years of mining activities have negatively impacted the
environment in the Upper Peninsula of Michigan, mercury contamination having one of the most
serious impacts. With an average concentration in the earth’s crust of 0.05 mg/kg, mercury is not
among the most abundant elements. However, mercury is used widely in industrial applications
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and is highly toxic to humans and health, and the environment (Heubeck, 2010; Risher, 2003). In
the Upper Peninsula, mercury occurs naturally in taconite (iron ore) as elemental mercury (Hg0),
and within the copper ores as “Mercury copper amalgam” (CuHg). Several studies have been
conducted to identify and investigate the effects of mining iron and copper ores within the
region. The objectives of this research are: (1) calculating the amount of mercury emitted to the
atmosphere during the smelting of iron and copper ores, (2) to compare the amounts of mercury
emission values with the published literature values, (3) discuss the fate of the mercury emitted
to the atmosphere, and (4) calculating a mercury mass balance for the lakes in the Upper
Peninsula of Michigan.

Methods and the Materials
2.1 Chemical Reactions
This research employed extensive literature survey to gather background information and
uses stoichiometry calculations in copper ores and iron ores to get a better understanding of the
relationship between the ores and mercury emission. During the smelting process in both copper
mining and iron mining, mercury is emitted as an elemental form (Hg0) (Heubeck, 2010). We
assume that all the iron ores in the upper peninsula are taconite because it’s the most iron ore
abundant in Upper Peninsula’s mines from the 1950s to the 1980s (Kerfoot et al., 2018). During
the smelting of taconite at low temperatures, the mercury becomes gas and reacts with the
oxygen in the furnace. Then as the temperature of the furnace rises, the mercury separates from
the oxygen and releases it into the atmosphere (Reaction 1).
(Reaction 1)

HgO(g) + 2Fe3O4 → 3Fe2O3 + Hg(g)
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Furthermore, we assume that the main copper ore in the upper peninsula is chalcocite
because it is the most copper ore valuable after native copper (Bornhorst & Mathur, 2017).
Chalcocite (Cu2S) contains approximately 80 % of copper metal (Calcutt, 2001). Reaction 2
shows mercury copper amalgam in chalcocite smelting and production of copper liquid and
mercury gas.
(Reaction 2)

CuHg + Cu2S + O2 → Hg(g) + 3Cu + SO2

During iron and copper smelting, coal has been used to melt the ores. Each ton of iron
metal uses 20 lbs to 30 lbs; (9 kg to 13.6 kg) of coal (Berndt, 2003). We assumed that each ton of
copper metal use approximately 15 lbs to 20 lbs; (6.8 kg to 9 kg) of coal because copper melts at
a lower temperature than iron, (1082C) (U.S. Dept. of Health and Human Services et al, 2007).
Coal also emits mercury to the air as elemental mercury. (Reaction 3)
(Reaction 3) 2C + 2HgS + CaCO3 + 3O2 → CaO + 2CO + 2SO2 + CO2 + 2Hg(g)
Assuming Reactions 1 and 3 are irreversible, stoichiometric calculations yield the
following information.
Mercury makes up 2 x10-6 % (by weight) of taconite. (Berndt, 2003). To calculate the
amount of Hg emission, we assume that 1 ton of taconite has smelted. Step (a) through (d) show
the calculations for smelting taconite.
(a) [Hg] in taconite = 0.02 mg/kg
(b) 0.02 mg /106 = 2 x10-8 kg
(c) 1 ton = 1000 kg
(d) 1000 kg x (2 x10-8 kg) = 2 x10-5 kg of Hg
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In addition, mercury (CuHg) makes up 3.2 x10-4 % (by weight) of chalcocite. (Kerfoot et
al., 2004). To calculate the amount of Hg emission, we assume that 1 ton of chalcocite has
smelted. Step (a) through (d) show the calculations for smelting chalcocite.

(a) [Hg] in chalcocite = 3.2 mg/kg
(b) 3.2 mg/106 = 3.2 x10-6 kg
(c) 1 ton = 1000 kg
(d) 1000 kg x (3.2 x10-6 kg) = 3.2 x10-3 kg of Hg
Mercury makes up 1.4 x10-5 % (by weight) of coal (Pirrone et al., 2009). To calculate the
amount of Hg emission, we assume that 1 kg of coal has burned. Step (a) through (d) show the
calculations for burning coal during smelting the ores.
(a) [Hg] in coal = 0.14 mg/kg
(b) 0.14 mg/106 = 0.14 x10-6 kg
(c) 1 ton = 1000 kg
(d) 1000 kg x (0.14 x10-6) kg = 1.4 x10-4 kg of Hg

2.2 Mercury Analysis & Mercury Emissions Calculations
Literature survey provided the following information. Core samples were taken from the
soil and lake sediments. In addition, 100 samples (250 ml) were collected 100 to 250 ml samples
and filtered. The sample is preserved by adding either a previously tested solution of
hydrochloric acid (HCl) or bromine monochloride (BrCl). After oxidation, the sample is
sequentially reduced with NH2OH and HCl to destroy free halogens, then with tin chloride
(SnCl2) to convert Hg2+ to volatile Hg0. Lastly, the Hg0 was collected in a cold trap (U.S. EPA,
1994). The total mercury in the samples was analyzed using a Cold Vapor Atomic Fluorescence
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Spectroscopy (Berndt, 2003; Kerfoot et al., 2004; Pirrone et al., 2009; Rossmann, 1999). This
technique uses the reduction of mercury with tin chloride and collection of the mercury on a gold
amalgam (U.S. EPA, 1994). The form of mercury is determined using X-ray absorption
techniques (O’Connor et al., 2019).

2.3 Mass Balance Calculations
Using the mean flux of lake sediments and the area of some selective lakes in the Upper
Peninsula, we calculated the total concentration of mercury in a lake sediments per year
(Equations 1 & 2) (Kerfoot et al., 2018).
(a) Total amount of mercury in a lake sediment per year = mean lake sediments flux (54
g/m2/yr) x the area of lake (m2) = (ug/yr) (Equation 1)
(b) g/yr x10-9= kg/yr
(c) Mercury in a lake sediment = b. (Total amount of mercury in a lake sediment per (kg/yr))
/ Total amount of mercury from mining (kg/yr) = (%) (Equation 2)
We also used the mean lake water flux and the area of some selective lakes in the Upper
Peninsula to calculate the total concentration of mercury per year (Equations 3 & 4) (Kerfoot et
al., 2018).
(a) Total concentration of mercury per year = mean lake water flux (44 g/m2/yr) x the area
of lake (m2) = (µg/yr) (Equation 3)
(b) g/yr x10-9 = kg/yr
(c) Mercury in a lake sediment = b. (Total amount of mercury in a lake water per year
(kg/yr)) / Total amount of mercury from mining (kg/yr) = (%) (Equation 4)
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2.4 Surveys and statistics data

Three primary sources of data were used in this study: (1) Geochemical and
mineralogical data for soils of the conterminous United States by Smith et al, 2013; (2)
Michigan’s Water Chemistry Monitoring Program by MDEQ, (2013); (3) Metals productions
statistics from USGS (1950 to 1980). Both the soils data and the surface water data were
analyzed, and ArcGIS was used to make maps.

Results

3.1 Calculations of total mercury emissions.
Approximately 90% of the mercury in the mining industry is released directly into the
atmosphere. We assumed that all the mercury in the ores is emitted to the atmosphere since it is
the largest source of mercury contamination (Heubeck, 2010). The calculations show that each
ton of taconite produces 0.02 g of mercury where a ton of chalcocite produces 3.2 g of mercury
(Berndt, 2003; Kerfoot et al., 2004). The statistics show that the total iron productions between
1950 and 1980 was equal to 408 thousand tons (Fig. 2). The total copper production in the same
period is 1.6 thousand tons (Fig. 3). Both taconite mining and chalcocite mining have relatively
increased in the Upper Peninsula over the 30 years. In the early of 1950s the iron production was
11 thousand tons but in the 1980 the iron production exceeded 16 thousand tons. Similar, in the
early of 1950s the copper production was 17 tons but in the 1980 the iron production became 40
tons.
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Fig. 2. Iron production per year (Bureau, 1950 – 1980)
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Fig. 3. Copper productions per year (Bureau, 1950 – 1980)

Moreover, using the data from Berndt, 2003, 1 ton of iron metal uses 20 lbs to 30 lbs; (9
kg to 13.6 kg) of coal, we calculated the total mass of coal that was used between 1950 and 1980
in iron mining processes. For copper mining processes, 1 ton of copper metal uses 15 lbs to 20
lbs; (6.8 kg to 9 kg) of coal to estimate total coal consumption. For 30 years, iron mining
processes consumed approximately 6.1 thousand tons of coal. Copper mining consumed only 12
tons of coal. In addition, coal consumption is positively correlated with both iron and copper
mining (Kerfoot, et al., 2018). Using the emissions values, the total iron production, the total
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copper productions, and the total coal used in iron and copper, we determined the total mercury
emission between 1950 and 1980 in the Upper Peninsula of Michigan, which was approximately
9 kg (Fig. 4). The total amount of mercury emission from copper mining was approximately 5 kg
(Fig. 5). As the emissions graphs in Fig. 4 and Fig. 5 show, mercury emissions are related to the
production of iron and copper mining. For example, as copper production increases over time the
mercury emissions also increase (Fig. 5).

Hg Emissions in Iron Mining
400

Hg Emissions (g)

350
300
250
200
150
100
50
0

Year

Fig. 4. Mercury emissions from iron mining per year (1950 – 1980)
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Fig. 5. Mercury emissions from copper mining per year (1950 – 1980)
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3.2 Mass Balance Results
The mass calculations the mean mercury flux in the Upper Peninsula for lake sediments
is 54 g/m2-yr. Also, the mean mercury flux in the Upper Peninsula surface water is 44 g/m2-yr
(Kerfoot et al., 2018). After determining the locations of each lake using the coordinates, we
calculated the surface area of the impacted lakes using a Google Map Area Calculator (See
discussion 4.3). We then used Equations 1 through 4 to calculate the total mercury flux in lakes
sediments per year and the total mercury in the lakes water per year. We assumed that between
1950 and 1980, the mercury rate was constant for 30 years and equal 0.46 kg per year. The total
mercury in lakes sediments ranges between 0.01 to 0.38 kg/yr. Where the total mercury in the
lake water ranges from 0.01 to 0.28 kg/yr. Sediments have a higher mercury content than water.

Discussion
4.1 Mercury Emissions from the Ores
The study's findings establish that iron-ore mining and copper-ore mining remains one of
the factors that primarily constitute a source of mercury in the Upper Peninsula. Also, the
calculations of the mercury emissions from iron and copper mining helped us to determine the
amount of impact of mercury in the Upper Peninsula. Iron productions were extremely higher
than copper production between 1950 and 1980. Despite the differences in the productions
between iron and copper, the total mercury emission in the iron mining industry was close to the
total mercury emission in the copper mining industry. The study finds that the mercury
concentration ratio in iron ore and copper ore

[Hg] iron ores
[Hg] in copper ores

is equal to 0.01. Chalcocite

contains a large concentration of mercury than taconite due to the strong sulfur-bound in
chalcocite. Using the data from Keweenaw Bay sediments in the Upper Peninsula, they found
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that the copper and mercury have some correlation approximately 0.47 (Fig. 6) (Kerfoot et al.,
1999).

300
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0
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0.3

[Hg] mg/kg

Fig. 6. Cu concentrations vs. Hg concentrations (Kerfoot et al., 1999)

Ores

Calculations

Literature

Irona

0.02 g of Hg per ton

0.017 g of Hg per ton

Copperb

1 3.2 g of Hg per ton

4 g of Hg per ton

Coalc

0.14 g of Hg per ton

0.04 g of Hg per ton

Table 1. Comparison between the calculations and the literatures a. Benoit et al., 2003; b. Kerfoot et al.,
2004; c. Pirrone et al., 2009

As can be seen in Table 1, this study found that each ton of taconite emitting 0.02 g of
Hg0, compared with the value 0.017 g reported by Benoit et al. (2003). The two results are very
close, and the slight difference might be due to differences in scrubber efficiency. Scrubbers
have been used in the mining industry specifically in the smelters. They are used to control and
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reduce mercury emissions from the smelters to the atmosphere by capturing the mercury
particles. We assume that the taconite mines in the Upper Peninsula used some type of scrubbers
to reduce the emission of mercury from the furnaces to the atmosphere. The mean average for
scrubbers to capture mercury is approximately 47% of the total mercury emission (Srivastava et
al., 2006). Another reason that might explain if the difference is real between our value and the
literature is the heterogeneity of mercury in the ores. The mercury concentration in taconite in
Upper Peninsula has been estimated based on the taconite abundance in the Minnesota mining
area. We could say that the concentration of mercury in Michigan taconite is lower than the
mean average of Minnesota taconite. In addition, there are some samples near the mining area
that contained less than 0.02 mg/kg mercury. For example, LTVSMC sample contains 0.01
mg/kg mercury in their taconite (Benoit et al., 2003).
Comparing the result for the mercury emissions in chalcocite with Kerfoot’s 2004, study
(See Table 1). We found that each ton of taconite emitting 3.2 g of Hg0 compared with the
literature result which is 4 g (Kerfoot et al., 2004). The two results are somewhat close and if the
difference is real, it might be because of the concentration of mercury in the copper ores. We
assume that different copper ores contain different concentrations of mercury. Kerfoot mentions
that the mean concentration of mercury in copper is equal to 4 mg/kg. That mean includes
chalcocite, chalcopyrite, and native copper (Kerfoot et al., 2004).
The result shows that each ton of coal produces 0.14 g of elemental mercury whereas the
literature found that each ton of coal emits 0.04 g (Table. 1) (Pirrone et al., 2009). Mercury
emissions from coal burning were very different then the literature, and if the difference is real, it
might be because of the concentration of mercury in the coal. Since Pirrone et al. (2009) used the
mean average of mercury in coal in the U.S., we assume that some of the coal that has been used
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in the mining industry in the Upper Peninsula contain high intensities of mercury. For example,
the same sample of coal in the Eastern Interior Region of the U.S contains 0.4 mg/kg which is a
lot higher than the mean average (Toole-O'Neil et al., 1999).

4.2 The Fate of the Mercury Emitted to the Atmosphere
4.2.1 Mercury Contamination in the Upper Peninsula’s Air
The atmospheric deposition of mercury is one of the largest sources of contamination in
the Great Lakes region (Landis & Keeler, 2002). Between 1860 and 1990, more than 140 mines
have been opened in Upper Peninsula. Chalcocite (Cu2S) has been smelted in five different sites
around Keweenaw (Kerfoot et al., 2018). For taconite mining, there were approximately 8
furnaces in Upper Peninsula (Kerfoot et al., 1994). As the mercury cycle shows, when elemental
mercury is released from the ores, it oxidizes in the atmosphere to inorganic mercury (Hg2+)
(Fig. 7) (Bigham et al., 2016). Different inorganic mercury has a different degree of solubility.
For example, HgCl2 is very soluble, HgO is less soluble, and HgS has very low solubility
(Risher, 2003).

Fig. 7. Mercury forms and cycle (Bigham et al., 2016)

17
4.2.2 Mercury Contamination in the Upper Peninsula’s Soil
Two forms of mercury can form in the soil. The first form is inorganic mercury (Hg2+)
like in HgCl2 or HgS. Where the second form is methylmercury (MeHg) (Risher, 2003; Rice et
al., 1997). Both Hg2+ and MeHg are toxic and caused by mining activities (Science
Communication Unit, 2013). MeHg forms by transforming Hg2+ with the anaerobic bacteria
(Risher, 2003). Approximately 50% of the inorganic mercury precipitate in the soil from the
atmospheric. Hg2+ is quickly disposed of in the soil through wet or dry deposition (O’Connor et
al., 2019).

The research uses the data from Smith et al, 2013 to provide evidence of the impact of
mercury emissions on the Upper Peninsula's soil of Michigan. Approximately 30 samples were
taken from the A horizon of Upper Peninsula soil. After reviewing and cleaning the data in
Excel, ArcGIS pro was used to analyze the data and make a map (Fig. 8). As the map shows,
mercury in the soil samples ranged between 0.01 mg/kg to 0.22 mg/kg. When we compare the
mining type versus the concentrations of mercury, we can see clearly that the mining areas
higher concentrations than the non-mining areas in the Upper Peninsula.

In the A horizon Keweenaw soils, mercury concentrations ranged between 0.07 to 0.12
mg /kg (Fig. 8). The Gogebic soils have mercury concentrations ranging between 0.01 and 0.04
mg/kg, whereas in Eastern Menominee, the mercury concentrations in the A horizon soils ranged
between 0.01 and 0.03 mg/kg. Western Menominee soils have mercury concentrations ranging
between 0.02 and 0.06 mg/kg, while the Marquette range has high mercury concentrations. In the
Marquette A horizon soils, the mercury concentrations were between 0.1 and 0.19 mg/kg. We
assume that the Marquette range has high mercury concentrations due to gold mining. According
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to Buhler et al. (1973), each ton of gold ore emits 19 g of mercury into the air. Therefore,
mercury concentration in the gold ore might be why the Marquette range shows high mercury
concentrations.

_mg/kg

Fig. 8. Mercury concentrations (mg/kg) in the A horizon soil in the Upper Peninsula (Smith et al,.2013)
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4.2.3 Mercury Contamination in the Upper Peninsula’s Surface Water
Due to the relationship of mercury with soil particles, the prevailing method of the
passage of mercury to surface water starts with the disintegration of soil (Johansson et al. 1991).
Like soil, mercury mostly exists in water as Hg2+ which can react with other inorganic ligands
(e.g., Cl-, OH-) (Ullrich et al., 2001). It also exists in lake fish tissues as MeHg. Most of the
inorganic mercury in the water column settles to the bottom of the sediment, where it is deposits
and accumulates. In anoxic sediments, the chemistry of Hg is dependent on its interacting with
sulfides, organic matter, and inorganic particles (Lindberg & Harriss, 1974). Moreover, the Great
Lakes are one of the largest mercury-contaminated basins (Bhavsar et al., 2010). The total
dissolved gaseous mercury concentration in Lake Superior is 2.1 x10-7 mg/L. Where the MeHg
concentration is 7 x10-9 mg/L (Jermiason et al., 2009).

In addition, streams and rivers are also impacted by atmospheric mercury. The research
uses the data from the MDEQ, (2013) to determine the impact of mercury emissions on surface
water in the northwest of the Upper Peninsula. Approximately 20 samples were taken from the
Upper Peninsula streams. After reviewing and cleaning the data in Excel, ArcGIS pro was used
to analyze the data and make a map (Fig. 9). As the map shows, mercury in the streams data
ranged between 4 to 10 ng/L. When we compare the mining type versus the concentrations of
mercury, we can easily see that surface water near the copper mining area has higher mercury
concentrations than anywhere else in the Upper Peninsula. In the Keweenaw copper range, the
mercury concentrations are between 4.3 and 10.2 ng/L. Where in other parts of the Upper
Peninsula, the mercury concentrations are between 0.9 and 3.9 ng/L (Fig. 9).
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Mercury Concentrations in Upper Peninsula
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Fig. 9. Mercury concentrations (ng/L) in surface water in the Upper Peninsula (MDEQ, 2013).
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4.3 Upper Peninsula Mass Balance Discussion

#

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Total
mercury in
surface
water kg/yr

Percentage
of mercury
in lakes
sediments
(%)

Percentage
of mercury
in lakes
waters (%)

Name of the Lake

Area m2

Total
mercury in
sediments
kg/yr

Mud lake

360,301.64

0.02

0.01

4.07

3.40

McDonald Lake

108,125.34

0.01

0.01

1.25

1.02

Big Lake

774,433.6

0.04

0.03

8.97

7.31

Deer Lake

1,977,005.33

0.10

0.08

22.51

18.66

Rice Lake

2,374,061.32

0.13

0.10

27.51

22.41

Goose Lake

1,607,052.54

0.08

0.07

18.62

15.17

Lake Sally

539,346.12

0.03

0.02

6.24

5.09

Lac LaBelle

3,877,781.76

0.20

0.17

44.93

36.61

Lake Keewaydin

270,967.52

0.01

0.01

3.13

2.55

Chaney Lake

1,408,434.73

0.07

0.06

16.32

13.29

Sunday Lake

836,497.53

0.04

0.03

9.69

7.8

Lake Roland

964,945.91

0.05

0.04

10.72

9.11

Lake Superior Bay

11,613,271.93

0.38

N/A

81.54

N/A

Lake Gogebic

51597022.2

2.78

2.27

N/A

N/A

Table 2. Mass balance for lake sediments and lake waters in the Upper Peninsula

The problems with mercury contamination in the Upper Peninsula lakes have been
recognized for at least 100 years. One of the goals of this paper is to calculate the mass balance
for mercury using the flux of mercury in the sediments and water of the Upper Peninsula lakes.
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The mass balance shows that different lakes in the Upper Peninsula have different
percentages of mercury per year (Table 2). In addition, Mud Lake has a surface area of 360,301
m2, the percentage of the total deposition mercury from the atmosphere to the sediment is 4%.
Where the total deposition of mercury from the atmosphere to the water of the same lake is 3%.
However, Lake Roland has a surface area of 964,945 m2, the percentage of the total deposition
mercury from the atmosphere to the sediments is al., 11%. Where the total deposition of mercury
from the atmosphere to the water of the same lake is 9%. Most of the lakes that have good results
have percentages of mercury (<45%) in lakes sediments and (<39) in lakes water (Table 2).
Lake Gogebic was removed from the results because there were errors in calculating the
percentage of the total deposition mercury from the atmosphere to the sediments and lake water.

In the study conducted by Lessard et al., (2012), the mass balance indicates that
sediments hold the highest percentage of mercury among the other reservoirs. The result shows
that 95% of mercury in the St. Lawrence River area is derived to the river’s sediments. Water
shows a small percentage of total mercury in the St. Lawrence River area, approximately 2%
only (Lessard et al., 2012). Even though the percentage between our results and those of Lessard
et al., (2012) are different, the two studies agreed that sediments hold the highest percentage of
mercury among the other media. In the San Francisco Bay area, mercury mass balance shows
that 42% of the total mercury has been deposited in the sediments from the rivers around the
area. Moreover, mercury contamination in sediments is the second-highest media after the soil
(MacLeod et al., 2005). In the Negro River environment in Amazon, 14% of the total mercury is
transported to the fluvial system (Silvério et al, 2009).
Another way to look at my calculated and published data that is by considering the ratio
=

Calculated Percentage
Reported Flux
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The closer the ratio to 1, the more confidence in the methodology (Fig. 10 & Fig 11). If the ratio
is greater than 1 that can be because of the lake area (e.g., Lake Superior). However, if the ratio
is less than 1 that can be due to averaging Lake Superior flux, the only reliable value, and
extending it to other lakes.
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Fig. 10. The ratio percentage/reported flux of vs. lakes studied (lakes sediments)
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Fig. 11. The ratio percentage/reported flux of vs. lakes studied (lakes waters)
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We endeavored to calculate the mercury mass balance in Lake Superior Bay using the
mean flux of the mercury to the sediments (Kerfoot et al., 2018). The percentage of the total
deposition mercury from the atmosphere to the sediment is approximately 82%. Where the total
deposition mercury from the atmosphere to the water of the same lake could not be determent
because of missing water’s flux. We think that the results for Lake Superior can be arguable. Due
to the huge area of the lake, which is approximately 11.6 million m2, mercury could be deposed
in some places of the lake lower than the other places which means that the flux in the same lake
differentiates between a place and another in the same lake. In the Rossmann (1999) study, the
background flux of mercury in lake sediments is different in each station in Lake Superior. The
background flux ranged between 0.2 to 0.72 ng/cm2/yr (Rossmann, 1999).

Lake Superior has a large area, making it very complex to determine the flux of mercury
in sediments. Even though Rossmann (1999) studied a portion of Lake Superior, 16 % of the
core samples were blanks, and only 8 out of 20 tested stations had reasonable results (Rossmann,
1999). The core samples were only taken from the places where mining might impact the
environment, not from the whole lake. Moreover, there are inputs and outputs (e. g., streams and
rivers) which affect the amount of mercury deposit in the lake. Approximately 200 rivers flow
from Michigan, Minnesota, Wisconsin, and Ontario to Lake Superior. Furthermore, the Lake
Superior Basin is characterized by its mineral wealth (Rossmann, 1999). The development of
mineral resources has led to the industrialization of the basin. Mercury deposition in different
parts of Lake Superior could be controlled by many factors, such as source of emissions,
temperature, pressure, precipitation, and wind (O’Connor et al., 2019).
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Conclusions
Iron was deposited in the Michigan’s Upper Peninsula 1.9 billion years ago (Gogebic and
Ranges, 2020), and copper deposits are believed to be 1.1 billion years old (Blakemore et al.,
2016). In 2002 these materials represented 80% of the value of non-fuel minerals produced in the
United States. In the Upper Peninsula, mercury occurs naturally in taconite (iron ore) as
elemental mercury (Hg0), and within the copper ores as “Mercury copper amalgam” (CuHg). The
calculations show that each ton of taconite produces 0.02 g of mercury whereas a ton of
chalcocite produces 3.2 g of mercury (Berndt, 2003; Kerfoot et al., 2004). The statistics show
that the total iron production between 1950 and 1980 was equal to 408 thousand tons. The total
copper production in the same period is 1.6 thousand tons. For 30 years, iron processing
consumed approximately 6.1 thousand tons of coal, whereas chalcocite mining consumed only
12 tons of coal. Coal consumption positively correlated with both iron and copper mining
(Kerfoot, et al., 2018). The total amount of mercury emission from iron mining is proximately 9
kg. The total amount of mercury emission from copper mining is approximately 5 kg. The mass
balance finds that the total mercury in lakes sediments ranges between 0.01 to 0.38 kg/yr. Where
the total mercury in the lake water range between 0.01 to 0.28 kg/yr.
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Recommendations
The findings of this research are important to evaluating the exposure of environment to
mercury caused by mining in the Michigan’s Upper Peninsula. The findings of this study
confirm that the main source of mercury in the Upper Peninsula was mining of iron and copper
ores and underscore the need for sustainable mineral resource production and establishing
measures protect against mercury contamination.
More research is needed to identify measures that can be used in the mining of iron and
copper ores mining to protect the environment. Mercury isotopes could prove useful to identify
the various sources of mercury contamination more accurately in the Upper Peninsula to and
determine the resulting environmental impacts. It is also recommended that more controlled
studies of fluxes of mercury in small lakes in the Upper Peninsula be conducted.
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